Abstract-Leak localization is of great importance for pressurized vessels for reasons of safety and maintenance. This paper presents an experimental study using an Acoustic Emission sensor array coupled with a hyperbolic positioning algorithm for continuous leak localization. The study aims to detect continuous CO 2 leak from an isotropic flat-surface structure on a pressurized vessel in the Carbon Capture and Storage system. The proposed approach consists of four main stages. In the first stage, empirical mode decomposition is deployed to extract the useful signal from the noise. The second step is concerned with the estimation of the time differences of the sensor array in conjunction with correlation signal processing. The third stage estimates the distance difference between the sensing elements from the measured time differences and wave speed. Finally, a hyperbolic positioning algorithm is used to locate the leak source on the flat-surface structure. Results obtained from experiments on a 100 cm  100 cm stainless plate demonstrate that the mean full-scale error in the leak localization is 4.9%.
INTRODUCTION
Pressurized vessels and containers are widely used in a range of industries. For instance, in the carbon capture and storage (CCS) process, pressurized vessels are used to store the captured CO 2 . It is imperative to identify and locate any accidental leak quickly from flat-surface structures in a pressurized vessel when it occurs. Acoustic Emission (AE) technology is a promising approach to locate the leak source and has evoked much interest in recent years [1] [2] [3] . A number of sensor array configurations have been proposed in previous studies to localize the leaks from flat-surface structures [4] . Gangadharan et al. [5] proposed a sensor array of four piezoelectric sensors which were arranged in the four corners of the plate. Bian et al. [6] developed an L-type array to achieve a high accuracy on an aluminum alloy plate. Niri et al. [7] proposed an AE source localization model based on a sparse array with multiple piezoelectric sensors. It is well known that, for a large flat-surface structure, the resolution of AE localization will increase with the number of sensors and so does the computational power. This paper proposes a new sensor array using only four AE sensors arranged in a circle for continuous leak localization on a flat-surface structure. The configuration is specific to locate a continuous CO 2 leak from an isotropic flat-surface structure in the CCS system. Meanwhile, the proposed method incorporates algorithms of empirical mode decomposition, cross correlation and hyperbolic positioning. There have been no reported studies of this method with a small number of sensors for the intended industrial applications. The advantages of this method along with experimental results are presented and discussed.
II. METHODOLOGY

A. Sensing arrangement and leak localization
In this study the sensing elements in the AE sensor array are arranged evenly in a circle, as shown in Fig. 1 . In comparison with previous studies, this new sensing arrangement has advantages of compact layout and similar attenuations and dispersions between the different sensors in the array, which is beneficial to the correlation signal analysis. The implementation of the proposed approach consists of four main stages, as illustrated in Fig. 1 . In the first stage, empirical mode decomposition (EMD) is deployed to extract the useful signal from the original leak signal. In the second stage the time differences between the signals from the sensors are estimated through cross correlation. The third stage determines the distance differences between the sensors with reference to the leak source from the measured time differences and the measured AE wave speed. Finally, a hyperbolic positioning algorithm is used to locate the leak source. 
B. Leak localization
Assuming two AE sensors are installed at any positions on the plate, then a coordinate system can be established where the midpoint of these two sensors is the origin, and the connecting line of these two sensors is the horizontal axis, thus the coordinates of sensors 1 and 2 are (-c, 0) and (c, 0), respectively, as shown in Suppose there is a leak hole on the point P(x, y), the following equations can be derived:
(1)
where v is the speed of the AE wave, t 1 and t 2 are the times of arrival of sensors 1 and 2, and Δt is the time difference between t 1 and t 2 .
According to the geometrical relationship ( Fig.2) , the leak hole (point P) is on a hyperbolic curve, therefore the leak source can be accurately located through the curves intersection when the number of sensors is more than three.
C. Feature extraction
The original leak signals collected by the AE sensor array contain significant noise. Therefore, it is not accurate or sometimes even not feasible to locate the leak source by cross correlating the AE signals directly. EMD is considered as an effective approach to solving this problem. The continuous leak AE signals can be decomposed to a series of intrinsic mode functions (IMFs) [8] . The flow chart showing the determination of EMD in this study is shown in Fig. 3 . The original signal X (t) can be represented by the sum of all the IMF components and the final residue r n (t).
D. Cross correlation
Cross correlation method is widely used for estimating the time delay in many research fields and has showed a very good performance. In this paper, the time difference is estimated through the following cross correlation computation [9] :
where x k and y k denote the two AE signals received by the two sensors, and N is the length of the signal. 
hk(t)=x(t)-m(t) rk(t)=x(t)-hk(t)
is rk(t) monotonic? 
III. EXPERIMENTAL SYSTEM
Experiments were carried out on a 316L stainless plate with dimensions of 100 cm  100 cm  0.2 cm. A continuous leak of CO 2 was created at a pressure of 2 bar from a hole of 2 mm in diameter in the center of the plate. An array with four AE sensors was mounted in a circular form on the plate. Acoustic data were pre-amplified using AE amplifiers with a bandwidth of 10 kHz -1 MHz and a gain of 40 dB. A 4-channel holographic AE signal recorder (DS-8A) was used to acquire the waveforms at a sampling rate of 3 MHz. The sensor arrangement and experimental set-up are shown in Fig.  4 and Fig. 5 , respectively. 
IV. EXPERIMENTAL RESULTS AND DISCUSSION
A. Signal characteristics
The signals from the four sensors are of very similar characteristics due to the fact that they are mounted close to each other and used to detect the same leak source. Take the signal from sensor 1 as an example, the time domain waveform and corresponding frequency spectrum are plotted in Fig. 6 .
It can be seen from Fig.6 that the leak signal is continuous in the time domain and has a wide spectral range of 10 kHz to 300 kHz. The signal contains frequency components in three main regions, one in the high frequency band (150 kHz -200 kHz), the other two in the low frequency band (10 kHz -50 kHz). Since the high frequency region is not adversely affected by the common ambient noise, the signal in this region is utilized for the localization of the leak source in this study. Fig . 7 shows the EMD decomposition results of the original signal from sensor 1 using the method illustrated in Fig. 3 . It can be seen that seven IMF components are generated. IMF1 has the highest frequency components and other IMF components have the lower frequency components. According to the above analysis, IMF1 is extracted to identify the location of the leak source. 
B. Leak localization result and error analysis
The time differences between any pair of signals from the sensor array can be calculated through cross correlation. The sensor array contains four sensing elements, therefore there is a set of six cross-correlation results. If the speed of the AE signal is known, the distance difference can be calculated and then the leak source located. The speed is found to be 4610 m/s, which was measured by the Nielsen-Hsu Pencil Lead Break Test [10] . Table 1 shows one of the best measured time difference and distance difference between the signal pairs. It can be seen from Table I that the error in the determination of the distance difference is no greater than 0.2 cm. This result shows the potential advantages of the AE sensor array arranged in a circle:
(1) Degrees of attenuation and dispersion from the different sensors in the array are similar. The reason for this is that the sensors in the circular arrangement are close to each other. This advantage is beneficial to the correlation signal analysis.
(2) The maximum distance difference from leak hole to different sensors is the diameter of the circle. In this case the two sensors (sensors 1 and 3) are located on the same line as the leak hole, as shown in Fig. 4 . For all the other cases, the distance difference is smaller than the diameter of the circle. This limit is used as a threshold to judge the correlation results.
The leak localization result using the hyperbolic positioning algorithm is shown in Fig. 8 . The crossing points of all hyperbolic curves are seen in the zoomed-in version of the plot (Fig. 8(b) ).
(a) Leak localization plot.
(b) Zoomed-in version of (a) around the leak hole. In theory, all curves should intersect at one point (i.e. the leak hole); however, in practice there are more than one crossing points due to errors in measurement. It can be seen from Fig. 8(b) that three crossing points formed by at least three curves and their coordinates are (-0.44 cm, 1.97 cm), (0.04 cm, -1.97 cm), and (0.36 cm, -4.94 cm), respectively. The location of the leak hole is thus estimated using the following equation: 
The resulting coordinate of the leak hole is (-0.01 cm, -1.65 cm). The absolute error in this localization is no greater than 0.2 cm on the 100 cm  100 cm plate. To assess the location performance of the method, the experiments were repeated for five times. Results are plotted in Fig. 9 . As shown in Fig. 9 , the five estimated leak locations are all below X-axis, because the actual hole is nearest to sensor 1 and many crossing points are generated near this sensor. In summary, the mean absolute error is 4.9 cm and the mean full-scale error is 4.9% (The full-scale error is defined as the absolute error normalized to the full length of the square plate). It must be noted that the time difference measurement is crucial in the whole localization process and even a small error can corrupt the source localization result. The time difference calculated through cross correlation usually contains several peak values. Errors will be introduced if the wrong peak is selected. More stable and accurate algorithms should be sought in the near future.
V. CONCLUSIONS
In this paper experimental investigations have been carried out using an AE sensor array arranged in a circle for continuous leak localization on a flat-surface structure. The AE signals have been decomposed using the empirical mode decomposition technique. The high frequency band of the signal (IMF1) has been used to predict the location of the leak hole through cross correlation. A total of six hyperbolic curves are generated, resulting in three crossing points formed by at least three curves. Advantages of the proposed AE sensor array have been investigated. The mean absolute error in the localization experiments on 100 cm  100 cm plate is 4.9 cm, which is equivalent to a mean full-scale error of 4.9%.
